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Abstract
We study the non-leptonic two-body weak decays of Λ+c (2286)→ BnM withBn (M) representing
as the baryon (meson) states. Based on the SU(3) flavor symmetry, we can describe most of the
data reexamined by the BESIII Collaboration with higher precisions. However, our result of
B(Λ+c → ppi0) = (5.6 ± 1.5) × 10−4 is larger than the current experimental limit of 3 × 10−4
(90% C.L.) by BESIII. In addition, we find that B(Λ+c → Σ+K0) = (8.0 ± 1.6) × 10−4, B(Λ+c →
Σ+η′) = (1.0+1.6−0.8) × 10−2, and B(Λ+c → pη′) = (12.2+14.3− 8.7) × 10−4, which are accessible to the
BESIII experiments.
1
I. INTRODUCTION
Recently, the BESIII Collaboration has reanalyzed the two-body weak decays of Λ+c (2286)
with the final states to be the combinations of baryon (Bn) and pseudoscalar meson (M)
particles, where Λ+c ≡ Λ+c (2286) along with Ξ+,0c (2470) belongs to the lowest-lying anti-
triplet charmed baryon (Bc) state. In particular, the decay branching ratios of Λ
+
c →
pK¯0,Λπ+,Σ+π0 and Σ0π+ have been measured at the level of 10−2 with high precisions [1].
In addition, the Cabibbo-suppressed Λ+c → pη decay has been observed for the first time [2].
According to the measurements of the two-body Λ+c → BnM decays since 2016 [1], there
have been 4 measured branching fractions listed in PDG [3], given as
B(Λ+c → pK¯0) = (3.16± 0.16)% ,
B(Λ+c → Λπ+) = (1.30± 0.07)% ,
B(Λ+c → Σ+π0) = (1.24± 0.10)% ,
B(Λ+c → Σ0π+) = (1.29± 0.07)% , (1)
together with the new data [2], given by
B(Λ+c → pη) = (1.24± 0.28± 0.10)× 10−3 ,
B(Λ+c → pπ0) < 3× 10−4 (90% C.L.) . (2)
Note that the limit of B(Λ+c → pπ0) in Eq. (2) comes from the original data of B(Λ+c →
pπ0) = (7.95 ± 13.61) × 10−5 [4] by BESIII, while the Λ+c → Σ+K0, pη′ and Σ+η′ decays,
along with the neutron modes, have not been seen yet. It is interesting to see if these current
data can be understood.
Theoretically, the factorization approach is demonstrated to well explain the B and b-
baryon decays [5–7], such that it is also applied to the two-body Λ+c → BnM decays [8], of
which the amplitudes are derived as the combination of the two computable matrix elements
for the Λ+c → Bn transition and the meson (M) production. However, the factorization
approach does not work for most of the two-body Λ+c → BnM ones. For example, the decays
of Λ+c → Σ+π0 and Ξ0K+ are forbidden in the factorization approach [9], but their branching
ratios turn out to be measured. As a result, several theoretical attempts to improve the
factorization by taking into account the nonfactorizable effects have been made [10–14]. In
contrast with the QCD-based models, the SU(3) symmetry approach is independent of the
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FIG. 1. Feynman diagrams for the c quark decays, where (a,b,c) are the tree-level processes with
the W -boson emissions to directly connect to quark pairs, where q = (d, s), while (d) corresponds
to the penguin-level ones with the W -boson in the loop.
detailed dynamics, which has been widely used in the B meson [15–17], b-baryon [18, 19]
and Λ+c (Ξc) [9, 20–23] decays. With this advantage, the two-body Λ
+
c → BnM decays
can be related by the SU(3) parameters, which receive possible non-perturbative and non-
factorizable contributions [9, 20–24], despite of the unknown sources. The minimum χ2 fit
with the p-value estimation [3] can statistically test if the SU(3) flavor symmetry agrees with
the data. Being determined from the fitting also, the SU(3) parameters are taken to predict
the not-yet-measured modes for the future experimental tests. However, the global fit was
once unachievable without the sufficient data and the use of the symmetry for Λ+c → BnM .
Clearly, the reexamination with the global fit to match the currently more accurate data
is needed. Note that, to study the Λ+c → Bnη(′) decays, the singlet state of η1 should be
included [16, 17]. In this report, we will extract the SU(3) parameters in the global fit,
and predict the branching fractions to be compared with the future BESIII experimental
measurements.
II. FORMALISM
From Fig. 1, there are four types of diagrams for the non-leptonic charm quark decays,
where Figs. 1a−1c with the W -boson emissions directly connected to quark pairs are the
so-called tree-level processes, while Fig. 1d with the W -boson in the loop corresponds to
the penguin-level ones. In Fig. 1c, the c→ dus¯ transition that proceeds through |VcdVus| ≃
sin2 θc is the doubly Cabibbo-suppressed one, with θc being the well-known Cabibbo angle.
Meanwhile, the c→ uqq¯(ss¯) transitions in Fig. 1d have the higher-order contributions from
the quark loops, with the effective Wilson coefficients [25] calculated to be smaller than the
tree-level ones by one order of magnitude. As a result, the decay processes in Figs. 1c and
3
1d are both excluded in the present study. Accordingly, the effective Hamiltonian for the
c → sud¯ and c → uqq¯ transitions with q = (d, s) in Figs. 1a and 1b, respectively, is given
by [26]
Heff = GF√
2
{
VcsVud[c1O1 + c2O2] +
∑
q=d,s
VcqVuq[c1O
q
1 + c2O
q
2]
}
, (3)
with the current-current operators O
(q)
1,2, written as
O1 = (u¯d)V−A(s¯c)V−A , O2 = (s¯d)V−A(u¯c)V−A ,
Oq1 = (u¯q)V−A(q¯c)V−A , O
q
2 = (q¯q)V−A(u¯c)V−A , (4)
where GF is the Fermi constant, Vij are the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, and (q¯1q2)V−A stands for q¯1γµ(1−γ5)q2. The operators O1,2 and Oq1,2 in Eq. (3) lead
to the so-called Cabibbo-allowed and Cabibbo-suppressed decay modes due to the factor of
|(VcqVuq)/(VcsVud)| = sin θc. The Wilson coefficients c1,2 in Eq. (3) are scale-dependent. In
the NDR scheme [25, 27], one has that (c1, c2) = (1.27,−0.51) at the scale µ = 1 GeV. Note
that one is able to recombine VcsVud[c1O1 + c2O2] and
∑
q=d,s VcqVuq[c1O
q
1 + c2O
q
2] in Eq. (3)
into VcsVud[c+O++c−O−] and VcdVud[c+Oˆ++c−Oˆ−] with Oˆ± ≡ Od±−Os±, respectively, where
c± = c1 ± c2, O(q)± = (O(q)1 ± O(q)2 )/2 and VcsVus = −VcdVud.
For the four-quark operator (q¯iqk)(q¯
jc) from the effective Hamiltonian in Eq. (4), q¯iqkq¯
j
that belongs to the SU(3) triplet of qi = (u, d, s) can be decomposed as the irreducible forms
of 3¯ × 3 × 3¯ = 3¯ + 3¯′ + 6 + 15, which are in terms of the SU(3) flavor symmetry with the
Lorentz-Dirac structures being disregarded. Consequently, the Cabibbo-allowed operators
O− and O+ fall into 6 and 15, respectively, instead of 3¯ + 3¯′ that actually appear in the
penguin operators. Therefore, in the SU(3) picture the Cabibbo-allowed operators O− and
O+ are presented as [20, 21]
O6 = 1
2
[(u¯d)(s¯c)− (s¯d)(u¯c)] ,
O15 =
1
2
[(u¯d)(s¯c) + (s¯d)(u¯c)] , (5)
which are formed as the tensor notations of H(6)ij and H(15)ijk, respectively. Note that the
Cabibbo-suppressed operators Oˆ− and Oˆ+ have similar irreducible forms, leading to their
own Hˆ(6)ij and Hˆ(15)ijk [20, 21]. As a result, the effective Hamiltonian in Eq. (3) under the
SU(3) representation becomes
Heff = GF√
2
{
VcsVud[c−H(6) + c+H(15)] + VcdVud[c−Hˆ(6) + c+Hˆ(15)]
}
, (6)
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where the non-zero entries are
H22(6) = 2 , H213(15) = H
2
31(15) = 1 ,
Hˆ23(6) = Hˆ32(6) = −2 ,
Hˆ212(15) = Hˆ
2
21(15) = −Hˆ313(15) = −Hˆ331(15) = 1 . (7)
To proceed, we take the amplitudes of Bc → BnM under the SU(3) representations.
First, the Bc state acts as 3¯ under the SU(3) flavor symmetry, written as
(Bc)
i = (Ξ0c ,−Ξ+c ,Λ+c ) , (8)
by which one defines Tij = ǫijk(Bc)
k. Second, Bn is the baryon octet, given by
(Bn)
i
j =


1√
6
Λ+ 1√
2
Σ0 Σ+ p
Σ− 1√
6
Λ− 1√
2
Σ0 n
Ξ− Ξ0 −
√
2
3
Λ

 . (9)
To include the octet (π,K, η8) and singlet η1, M is presented as the nonet, given by
(M)ij =


1√
2
(π0 + cos φη + sin φη′) π− K−
π+ −1√
2
(π0 − cosφη − sinφη′) K¯0
K+ K0 − sin φη + cosφη′

 ,(10)
where (η, η′) are the mixtures of (η1, η8), decomposed as η1 =
√
2/3ηq +
√
1/3ηs and η8 =√
1/3ηq−
√
2/3ηs with ηq =
√
1/2(uu¯+dd¯) and ηs = ss¯. Explicitly, the η−η′ mixing matrix
is given by [28]

 η
η′

 =

 cosφ − sinφ
sinφ cos φ



 ηq
ηs

 , (11)
with the mixing angle φ = (39.3 ± 1.0)◦. Subsequently, the amplitude of Bc → BnM is
derived as
A(Bc → BnM) = 〈BnM |Heff |Bc〉
=
GF√
2
[VcsVudT (Bc → BnM) + VcdVudTˆ (Bc → BnM)] , (12)
where T (Bc → BnM) = T (O15) + T (O6) are given by [9]
T (O15) = aH ijk(15)(Bc)j(Bn)kl (M)li + bH ijk(15)(Bc)j(M)kl (Bn)li
5
+ cH ijk(15)(Bn)
j
l (M)
k
i (Bc)
l + dH ijk(15)(M)
j
l (Bn)
k
i (Bc)
l
+ h1H
i
jk(15)(Bn)
k
i (M)
l
l(Bc)
j ,
T (O6) = eH ij(6)Tik(Bn)kl (M)lj + fH ij(6)Tik(M)kl (Bn)lj
+ gH ij(6)(Bn)
k
i (M)
l
jTkl + h2H
ij(6)Tik(Bn)
k
j (M)
l
l , (13)
with (c+, c−) absorbed in the SU(3) parameters of (a, b, c, d, h1) and (e, f, g, h2), respectively,
while Tˆ (Bc → BnM) is given by replacing H(6, 15) in T (Bc → BnM) with Hˆ(6, 15),
respectively. Since the amplitudes are derived from the effective Hamiltonian in Eq. (3),
where the c → sud¯ and c → uqq¯ transitions are the tree-level processes, T (Bc → BnM)
and Tˆ (Bc → BnM) are named as the tree-level (T ) amplitudes. In Eq. (13), the expansions
of T (Bc → BnM) and Tˆ (Bc → BnM) are shown in Table I. Note that, although we
TABLE I. The tree-level amplitudes for the Λ+c → BnM decays.
Decay modes T (O15) T (O6)
T (Λ+c → pK¯0) a+ c −2e
T (Λ+c → Λpi+)
√
1
6(a+ b− 2c) −
√
2
3 (e+ f + g)
T (Λ+c → Σ+pi0) −
√
1
2 (a− b)
√
2(e− f − g)
T (Λ+c → Σ0pi+)
√
1
2(a− b) −
√
2(e− f − g)
T (Λ+c → Ξ0K+) b+ d −2f
Tˆ (Λ+c → ppi0) −
√
1
2(b+ c)
√
2(f + g)
Tˆ (Λ+c → ΛK+)
√
1
6(−a+ 2b+ 2c+ 3d)
√
2
3 (e− 2f + g)
Tˆ (Λ+c → Σ0K+) −
√
1
2(a+ d)
√
2(e− g)
Tˆ (Λ+c → Σ+K0) (−a+ d) 2(e− g)
T (Λ+c → Σ+η) −d sinφ+
√
1
2(a+ b) cos φ −
√
2[e+ (f − g)] cos φ
+h1(
√
2 cosφ− sinφ) −2h2(
√
2 cosφ− sinφ)
T (Λ+c → Σ+η′) d cosφ+
√
1
2 (a+ b) sinφ −
√
2[e+ (f − g)] sin φ
+h1(cosφ+
√
2 sinφ) −2h2(
√
2 sinφ+ cosφ)
Tˆ (Λ+c → pη) −(a+ c+ d) sin φ+
√
1
2(b− c) cosφ −
√
2[
√
2e sinφ− (f − g) cos φ]
+h1(
√
2 cosφ− sinφ) +2h2(
√
2 cosφ− sinφ)
Tˆ (Λ+c → pη′) (a+ c+ d) sinφ+
√
1
2(b− c) cos φ
√
2[
√
2e cos φ+ (f − g) sinφ]
+h1(cosφ+
√
2 sinφ) +2h2(
√
2 sinφ+ cosφ)
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follow the approach in Ref. [21], the h1,2 terms are newly added for the singlet η1. Due
to c−/c+ ≃ 2.4, the contribution of O6(Oˆ6) to the decay branching ratio can be 5.5 times
larger than that of O15(Oˆ15), such that O15(Oˆ15) is negligible. However, we will examine
if the reduction is reasonable, in case the interferences between O6(Oˆ6) and O15(Oˆ15) can
be sizable. Subsequently, we only keep the SU(3) parameters e, f , g and h2 from O6
to simplify the amplitudes. Since e, f , g and h2 are complex numbers, we have 7 real
independent parameters to be determined by the data, given by
e, feiδf , geiδg , h2e
iδh2 , (14)
where e is set to be real, while an overall phase can be removed without losing generality.
To calculate the decay widths, we use [3]:
Γ(Λc → BnM) = |~pcm|
8πm2Λc
|A(Λc → BnM)|2 , (15)
where |~pcm| =
√
[(m2Λc − (mBn +mM)2][(m2Λc − (mBn −mM)2]/(2mΛc), with the integrated-
over variables of the phase spaces in the two-body decays.
III. NUMERICAL RESULTS AND DISCUSSIONS
For the numerical analysis, we use the minimum χ2 fit to find the SU(3) parameters in
Eq. (14). The theoretical inputs for the CKM matrix elements are given by [3]
(Vcs, Vud, Vus, Vcd) = (1− λ2/2, 1− λ2/2, λ,−λ) , (16)
with λ = 0.225 in the Wolfenstein parameterization. There are 9 branching ratios of Λc →
BnM , which are the data inputs, given in the last column of Table II. The equation of the
χ2 fit is given by
χ2 =
9∑
i=1
(Bith − Biex
σiex
)2
, (17)
where Bith and Biex stand for the branching ratios from the theoretical SU(3) amplitudes in
Table I and experimental data inputs in Table II, with σiex as the 1σ experimental errors,
while i = 1, 2, ..., 9 denote the 9 observed decay modes involved in the global fit, respectively.
Consequently, we obtain
(e, f, g, h2) = (0.257± 0.006, 0.121± 0.015, 0.092± 0.021, 0.111± 0.081)GeV3 ,
(δf , δg, δh2) = (79.0± 6.8, 35.2± 8.8, 102.4± 29.8)◦ ,
χ2/d.o.f = 2.4 , (18)
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where d.o.f stands for the degrees of freedom. The statistical p-value to be smaller than
0.05 will show the inconsistency between the theory and data [3], which is equivalent to
χ2/d.o.f > 3 here. In our case, the value of χ2/d.o.f = 2.4 indicates a tolerable result
to accommodate the current data of B(Λc → BnM) under the SU(3) flavor symmetry,
where the contributions of O15(Oˆ15) and the broken effects of SU(3) are both neglected.
Explicitly, it is found that the largest contributions to χ2 are from B(Λ+c → ΛK+,Σ0K+),
whereas the individual χ2 values from the other seven data show no apparent violation of
SU(3) or the sextet dominating assumption. The value of χ2/d.o.f. being as large as 2.4
could suggest that the decays of Λ+c → (ΛK+,Σ0K+) should be reexamined by BESIII
with more precisions. Due to the lack of sufficient data, it leaves the room for more precise
examinations by the future experimental measurements on the SU(3) flavor symmetry with
or without O15(Oˆ15). With the parameters in Eq. (18) we can reproduce the branching ratios
of the measured two-body Λc decays as shown in Table II, where the results based on the
heavy quark effective theory (HQET) [24], Sharma and Verma (SV) in Ref. [23], pole model
(PM) [11] and current algebra (CA) [11] are also listed. In our fit, the SU(3) amplitudes
in Eq. (18) have considerable imaginary parts, being included in δf,g,h2. Nonetheless, the
studies in Refs. [12, 24] depend on real ones. For a test, we turn off δf,g,h2, which causes
an unsatisfactory fit to the data with χ2/d.o.f ≈ 14≫ 2.4 in Eq. (18), suggesting that the
imaginary parts are necessary to fit the nine data well. It is similar that, in the D → MM
decays, the imaginary parts with the SU(3) flavor symmetry are also considerable, which
correspond to the strong phases calculated from the on-shell quark loops in the next-leading-
order QCD models [29]. We hence conclude that the Λ+c → BnM decays are like the
D → MM ones, where the phases are in accordance with the higher order contributions in
the QCD models, which have not been well developed yet.
From Table I, by keeping both O6 and O15, we obtain that
A(Λ+c → Σ0π+) = −A(Λ+c → Σ+π0) ,
A(Λ+c → Σ+K0) =
√
2A(Λ+c → Σ0K+) , (19)
where Λ+c → Σ0π+ being identical to Λ+c → Σ+π0 represents the conservation of the isospin
(SU(2)) symmetry. By neglecting O15, the relations in Eq. (19) can be extended to
A(Λ+c → Σ0π+) = −A(Λ+c → Σ+π0) ,
A(Λ+c → Σ+K0) =
√
2A(Λ+c → Σ0K+) ,
8
√
6A(Λ+c → Λπ+) +
√
2A(Λ+c → Σ0π+) = 2A(Λ+c → pK¯0) ,
√
6A(Λ+c → Λπ+) −
√
2A(Λ+c → Σ0π+) =
2
√
2
λ
A(Λ+c → pπ0) , (20)
resulting in
B(Λ+c → Σ0π+) = B(Λ+c → Σ+π0) ,
B(Λ+c → Σ+K0) = 2B(Λ+c → Σ0K+) ,
B(Λ+c → pπ0) ≃
λ2
2
[3B(Λ+c → Λπ+) + B(Λ+c → Σ0π+)− B(Λ+c → pK¯0)] . (21)
With the inputs of the SU(3) parameters in Eq. (18), we show B(Λ+c → Σ+K0) = (8.0±1.6)×
10−4 and B(Λ+c → Σ0K+) = (4.0±0.8)×10−4 to agree with the second relation in Eq. (21),
which can be used to test the assumption of the dominant O6 contributions in comparison
with the future measurements. We remark that the factorization approach predicts B(Λ+c →
TABLE II. The branching ratios of the Λb → BnM decays, where the 2nd column is for our results,
where the errors come from the parameters in Eq. (18), while 3, 4, ..., 7 ones correspond to the
studies by the heavy quark effective theory (HQET) [24], Sharma and Verma (SV) in Ref. [23],
pole model (PM) [11], current algbra (CA) [11] and data [1–3], respectively.
Branching ratios Our results HQET [24] SV [23] PM [11] CA [11] Data [1–3]
102B(Λ+c → pK¯0) 3.3 ± 0.2 1.23 2.67± 0.74 1.20 3.46 3.16 ± 0.16
102B(Λ+c → Λpi+) 1.3 ± 0.2 1.17 —– 0.84 1.39 1.30 ± 0.07
102B(Λ+c → Σ+pi0) 1.3 ± 0.2 0.69 —– 0.68 1.67 1.24 ± 0.10
102B(Λ+c → Σ0pi+) 1.3 ± 0.2 0.69 0.87± 0.20 0.68 1.67 1.29 ± 0.07
102B(Λ+c → Ξ0K+) 0.5 ± 0.1 0.07 —– —– —– 0.50 ± 0.12
104B(Λ+c → ppi0) 5.6 ± 1.5 —– 2 —– —– —–
104B(Λ+c → ΛK+) 4.6 ± 0.9 —– 14 —– —– 6.1± 1.2
104B(Λ+c → Σ0K+) 4.0 ± 0.8 —– 4 —– —– 5.2± 0.8
104B(Λ+c → Σ+K0) 8.0 ± 1.6 —– 9 —– —– —–
102B(Λ+c → Σ+η) 0.7 ± 0.4 0.25 0.50± 0.17 —– —– 0.70 ± 0.23
102B(Λ+c → Σ+η′) 1.0+1.6−0.8 0.08 0.20± 0.08 —– —– —–
104B(Λ+c → pη) 12.4 ± 4.1 —– 21 —– —– 12.4 ± 3.0
104B(Λ+c → pη′) 12.2+14.3− 8.7 —– 4 —– —– —–
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Σ0π+,Σ0K+) ≃ 0, which contradicts the relations from the SU(3) symmetry. This is due
to the fact that, when the decay proceeds with the Λ+c → Σ0 transition, together with the
recoiled meson π+ or K+, the c → s transition currents transform Λ+c → Λ = (ud − du)s,
which is unable to correlate to Σ0 = (ud+ du)s [30], leading to B = 0.
In Eq. (21), the simple estimation based on the data inputs gives that B(Λ+c → pπ0) =
(5.1± 0.7)× 10−4, which agrees with our numerical fitting result of B(Λ+c → pπ0) = (5.6±
1.5) × 10−4, but is larger than the experimental upper bound of 3 × 10−4 (90%C.L.) in
Eq. (2) by BESIII. To check if there is a discrepancy here, we have taken the original data
of B(Λ+c → pπ0) = (7.95 ± 13.61) × 10−5 [4] by BESIII as the input. In this case, we get
χ2/d.o.f = 4.7, which is two times larger than the value in Eq. (18), showing that the
fitting cannot accommodate the present data of B(Λ+c → pπ0). Apart from the SU(3) flavor
symmetry, we estimate that B(Λ+c → pπ0) ≃ 5 × 10−4 in the approach of the factorization,
which is also larger than the experimental upper bound. It is clear that a dedicated search
for this mode with a more precise measurement should be done. An improved sensitivity to
measure Λ+c → pπ0 will clarify if the currently unmovable discrepancy exists or not.
It is also interesting to see that B(Λ+c → Σ+η′) and B(Λ+c → pη′) fitted to be (1.0+1.6−0.8)×
10−2 and (12.2+14.3− 8.7)× 10−4 are as large as their η counterparts, respectively, while B(Λb →
Λη) ≃ B(Λb → Λη′) [31]. We note that there is a similar term in Ref. [32] as the h1,2 terms,
which relates Λ+c → Σ+η′ to Ξ0c → Ξ0η′. In contrast, the theoretical approach in Ref. [23] is
based on the SU(3) flavor symmetry also, but without the h1,2 terms to include the singlet
η1, such that it leads to B(Λ+c → Σ+(p)η′) < B(Λ+c → Σ+(p)η) [23]. Finally, we remark
that, with the SU(3) symmetry, we can extend our study to the two-body Ξ+,0b decays, which
are also accessible to the current experiments. Since the two-body Λ+c → BnV with V the
vector meson and three-body Λ+c decays are observed, which require the interpretations, the
approach of the SU(3) symmetry can be useful.
IV. CONCLUSIONS
We have studied the two-body Λ+c → BnM decays, which have been recently reanalyzed
or newly measured by BESIII. With the SU(3) flavor symmetry, we can describe the data
except that for Λ+c → pπ0. We have found that B(Λ+c → pπ0) = (5.6 ± 1.5) × 10−4,
which is almost 2σ above the experimental upper bound of 3 × 10−4. We hope that the
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future experimental measurement of B(Λ+c → pπ0) can resolve this discrepancy. Unlike the
previous results, we have predicted that B(Λ+c → Σ+η′) = (1.0+1.6−0.8) × 10−2 and B(Λ+c →
pη′) = (12.2+14.3− 8.7)× 10−4 which are as large as their η counterparts, due to the newly added
h1,2 terms with the singlet η1 in the SU(3) flavor symmetry. With the SU(3) symmetry, one
is able to study Λ+c → BnV and the three-body Bc decays, which have been observed but
barely interpreted. Moreover, the extensions to study the Ξ+,0b decays are possible, which
are also accessible to the current experiments.
ACKNOWLEDGMENTS
We would like to thank X.G. He for useful discussions. This work was supported in part
by National Center for Theoretical Sciences, MoST (MoST-104-2112-M-007-003-MY3), and
National Science Foundation of China (11675030).
[1] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 116, 052001 (2016).
[2] M. Ablikim et al. [BESIII Collaboration], arXiv:1702.05279 [hep-ex].
[3] C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40, 100001 (2016).
[4] The private communication with Dr. Peilian Li.
[5] A. Ali, G. Kramer and C.D. Lu, Phys. Rev. D58, 094009 (1998).
[6] C.Q. Geng, Y.K. Hsiao and J.N. Ng, Phys. Rev. Lett. 98, 011801 (2007).
[7] Y.K. Hsiao and C.Q. Geng, Phys. Rev. D 91, 116007 (2015).
[8] J.D. Bjorken, Phys. Rev. D 40, 1513 (1989).
[9] C.D. Lu, W. Wang and F.S. Yu, Phys. Rev. D 93, 056008 (2016).
[10] H.Y. Cheng and B. Tseng, Phys. Rev. D 46, 1042 (1992); 55, 1697(E) (1997).
[11] H.Y. Cheng and B. Tseng, Phys. Rev. D 48, 4188 (1993).
[12] P. Zenczykowski, Phys. Rev. D 50, 402 (1994).
[13] T. Uppal, R.C. Verma and M.P. Khanna, Phys. Rev. D 49, 3417 (1994).
[14] Fayyazuddin and Riazuddin, Phys. Rev. D 55, 255; 56, 531(E) (1997).
[15] X.G. He, Y.K. Hsiao, J.Q. Shi, Y.L. Wu and Y.F. Zhou, Phys. Rev. D 64, 034002 (2001).
[16] H.K. Fu, X.G. He and Y.K. Hsiao, Phys. Rev. D 69, 074002 (2004).
11
[17] Y.K. Hsiao, C.F. Chang and X.G. He, Phys. Rev. D 93, 114002 (2016).
[18] X.G. He and G.N. Li, Phys. Lett. B 750, 82 (2015).
[19] M. He, X.G. He and G.N. Li, Phys. Rev. D 92, 036010 (2015).
[20] M.J. Savage and R.P. Springer, Phys. Rev. D 42, 1527 (1990).
[21] M.J. Savage, Phys. Lett. B 257, 414 (1991).
[22] R.C. Verma and M.P. Khanna, Phys. Rev. D 53, 3723 (1996).
[23] K.K. Sharma and R.C. Verma, Phys. Rev. D 55, 7067 (1997).
[24] K.K. Sharma and R.C. Verma, Eur. Phys. J. C 7, 217 (1999).
[25] H.n. Li, C.D. Lu and F.S. Yu, Phys. Rev. D 86, 036012 (2012).
[26] A.J. Buras, hep-ph/9806471.
[27] S. Fajfer, P. Singer and J. Zupan, Eur. Phys. J. C 27, 201 (2003).
[28] T. Feldmann, P. Kroll and B. Stech, Phys. Rev. D 58, 114006 (1998); Phys. Lett. B 449, 339
(1999).
[29] H.Y. Cheng and C.W. Chiang, Phys. Rev. D 86, 014014 (2012).
[30] Y.K. Hsiao, Y. Yao and C.Q. Geng, Phys. Rev. D 95, 093001 (2017).
[31] C.Q. Geng, Y.K. Hsiao, Y.H. Lin and Y. Yu, Eur. Phys. J. C 76, 399 (2016).
[32] G. Altarelli, N. Cabibbo and L. Maiani, Phys. Lett. 57B, 277 (1975).
12
